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Abstract — Induction  machines  (IM)  have  been  the  work¬ 
horse  of  industry  due  to  their  robustness,  simple  and  rugged 
structure,  low  cost  and  reliability.  Traditionally,  AC  machines 
have  been  used  in  open-loop  constant  speed  applications.  The 
linear  induction  motor  (LIM)  is  an  alternative  formation  of 
a  rotational  induction  machine  (RIM).  Typically,  the  LIM  is 
designed  for  high  force  and  stroke  motion  applications,  such 
as  material  handling  and  transportation  systems.  Often  a  LIM 
moves  along  a  linear  rail  directly,  so  it  provides  precision 
positioning  tracking  performance  and  high  dynamic  stiffness 
with  a  hard  stop  when  equipped  with  a  linear  encoder  and 
closed-loop  control  methods.  A  variable  frequency  vector  control 
is  the  foundation  of  modern  high  performance  AC  drives  for 
rotary  induction  motors.  The  driving  principles  of  the  LIM  are 
similar  to  the  RIM,  but  its  control  characteristics  are  more 
complicated  than  the  RIM.  When  driven  by  a  field-oriented 
controller,  also  known  as  a  vector  controller,  LIM  behaves 
like  a  separately  excited  DC  machine  where  flux  and  motion 
dynamics  are  controlled  independently  in  order  to  achieve  high 
performance  from  the  IM  drives.  The  vector  control  method 
provides  velocity  and  position  control  of  a  LIM  effectively.  In 
this  paper,  a  mathematical  model  of  a  linear  induction  motor  is 
presented  based  on  the  synchronous  d-q  reference  frame.  The 
secondary  field  oriented  vector  control  strategy  is  developed  for 
precise  force  control  to  achieve  the  desired  speed  profile  for 
varying  load  conditions.  Under  the  developed  control  scheme, 
the  controller  stabilizes  the  LIM  effectively  when  the  mass  of 
the  slider  is  varying.  The  effectiveness  of  the  proposed  control 
scheme  is  verified  by  simuiation  exampies. 

I.  Introduction 

An  electric  motor  is  an  electromechanical  device  that 
converts  electrical  energy  into  mechanical  energy.  The  physical 
principle  behind  the  electric  motor  is  the  interactions  of 
an  electric  current  and  a  magnetic  field.  Electric  motors 
can  be  divided  into  two  types:  alternating  current  (AC) 
electric  motors  and  direct  current  (DC)  electric  motors.  AC 
induction  machines  (IM)  have  been  the  work-horse  of  industry 
and  widely  used  in  U.S.  Navy  shipboard  machinery  due 
to  their  robustness,  simple  and  rugged  structure,  low  cost 
and  reliability.  Traditionally,  AC  machines  have  been  used 
in  open-loop  constant  speed  applications.  Their  dynamic 
behavior  becomes  more  complex  in  closed-loop  variable  speed 
drives.  Much  research  and  development  has  been  conducted 
to  develop  comprehensive  power  electronic  inverters  and 
advanced  AC  induction  machine  control  methods.  In  recent 
years,  many  research  efforts  have  been  made  to  control  an  AC 


machine  speed  following  the  concepts  of  a  DC  machine. 

All  mechanisms  involve  some  kind  of  motion  [1], 
[2].  Mechanical  motions  can  be  categorized  into  linear 
motion,  rotary  motion,  intermittent  motion,  oscillating  motion, 
reciprocating  motion  and  irregular  motion.  Mechanisms  can  be 
used  to  convert  one  form  of  motion  into  another.  For  instance, 
a  rack  and  pinion  mechanism  converts  rotational  motion 
into  linear  motion.  Mechanical  motion  conversion  devices 
complicate  the  machinery  design  and  introduce  mechanical 
losses. 

A  linear  motor  (LM)  is  a  special  electrical  motor  designed 
to  produce  force  in  a  straight  line.  The  construction  of  a  linear 
motor  is  close  to  that  of  a  standard  rotating  motor,  but  in  a 
linear  form.  There  are  several  key  advantages  of  using  linear 
induction  motors  (LIM).  As  the  stator  and  rotor  are  not  in 
physical  contact  with  one  another,  operation  is  relatively  silent, 
and  frictional  wear  of  the  motor  system  is  reduced,  which 
combine  to  give  greatly  reduced  maintenance  costs. 

The  LIM  is  an  alternative  formation  of  a  rotational  induction 
machine  (RIM).  An  essential  feature  that  distinguishes  the 
LIM  from  the  traditional  rotary  motor  is  the  linear  motion 
of  the  moving  member,  called  slider.  Typically,  the  LIM  is 
designed  for  high  force  and  stroke  motion  applications,  such 
as  material  handling  and  transportation  systems.  Often  a  LIM 
moves  along  a  linear  rail  directly,  so  it  provides  precision  in 
position  tracking  performance  and  high  dynamic  stiffness  with 
a  hard  stop  when  equipped  with  a  linear  encoder  and  closed- 
loop  control  methods.  Primarily,  a  variable  frequency  vector 
control  is  the  foundation  of  modern  high  performance  AC 
drives  for  rotary  induction  motors.  Many  control  techniques 
have  been  developed  based  on  this  principle  [3]— [7] .  A  variable 
frequency  inverter  is  usually  required  to  provide  velocity 
control  of  a  LIM.  A  LIM  equipped  with  a  linear  encoder  can 
do  point-to-point  programmable  positioning  when  driven  with 
a  vector  control  and  motion  controller  [8],  [9]. 

In  [10],  a  control  method  for  magnetic  levitation  vehicles 
has  been  developed  using  linear  induction  motors  which 
can  generate  both  thrust  and  attractive  force.  In  this  control 
method,  voltage  vectors  of  pulse-width  modulation  (PWM) 
inverters  were  appropriately  selected  and  controlled  with 
decoupling  of  the  thrust  and  attractive  force. 

With  a  modest  amount  of  modeling  effort,  a  feedback- 
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feedforward  control  structure  has  been  proposed  for  precision 
motion  control  of  a  permanent  magnet  linear  motor  for 
applications  which  are  inherently  repetitive  in  terms  of 
the  motion  trajectories  [11],  Three  separate  controllers: 
a  backstepping  adaptive  controller,  a  self-tuning  adaptive 
controller  and  a  model  reference  adaptive  controller  were 
designed  [12].  These  controllers  were  implemented  on  a  PC- 
based  position  control  system  to  execute  several  experiments, 
including  transient  responses,  load  disturbance  responses,  and 
tracking  responses  for  performance  comparison.  In  addition, 
sensorless  control  is  critical  for  LIM  control  in  some  special 
case.  Reference  [13]  introduces  a  direct  torque  and  flux 
control  based  on  space-vector  modulation  for  induction  motor 
sensorless  drives.  Yamamura  [14]  introduced  a  particular  end 
effect  phenomenon  which  is  a  crucial  issue  for  a  LIM.  There 
have  been  many  proposed  solutions  proposed  that  address 
sensorless  control  and  end  effect  control  [15],  [16]. 

In  this  paper,  a  mathematical  model  centered  on  the 
synchronous  d-q  reference  frame  is  presented  to  analyze  the 
LIM.  The  velocity  closed-loop  method  and  the  secondary  field 
oriented  vector  control  strategy  are  developed  and  simulated 
based  on  the  developed  mathematical  model.  The  effectiveness 
of  the  proposed  control  scheme  is  verified  by  simulated  results. 

The  rest  of  the  paper  is  organized  as  follows.  Section  II 
presents  a  mathematical  model  based  on  the  synchronous  d-q 
reference  frame.  In  Section  III,  the  basic  structure  of  vector 
control  is  introduced.  Proportional-Integral  (PI)  control  is 
incorporated  into  vector  control  to  achieve  the  LIM’s  velocity 
and  position  control.  Numerical  simulation  results  are  provided 
to  demonstrate  the  effectiveness  of  the  vector  control  scheme 
on  a  LIM.  Conclusions  are  drawn  in  Section  V. 


II.  Modeling 


In  order  to  understand  the  performance  and  to  design  a 
controller  for  the  linear  induction  motor,  it  is  necessary  to  first 
introduce  its  dynamic  model.  The  commonly  used  framework 
for  the  dynamic  model  of  a  linear  induction  motor  is  based 
on  the  synchronous  reference  frame  corresponding  to  the 
frequency  of  the  applied  voltage.  The  method  is  very  similar 
to  that  used  for  modeling  a  three  phase  rotary  induction  motor, 
however  with  few  modifications.  There  are  few  assumptions 
to  be  made  as  follows: 

1)  Only  stator  variables  are  measurable 

2)  No  end-effect  is  considered 

3)  No  friction  is  considered 

4)  Three  phases  of  the  LIM  are  balanced 

5)  The  magnetic  circuit  is  unsaturated 

In  the  rest  of  the  paper,  the  following  symbols  for  various 
parameters  and  variables  are  used: 


Rs  primary  winding  resistance 

R,  secondary  resistance 

Lm  magnetizing  inductance 

Ls  primary  inductance 

Lr  secondary  inductance 

isd  c/-axis  primary  current 

iSq  q- axis  primary  current 

Vs d  d- axis  primary  voltage 

Vsq  <r/-ax is  primary  voltage 

Tr  secondary  time  constant,  Tr  =  jf- 

j2 

a  the  leakage  coefficient,  cr  =  1  —  j-j- 

ve  the  synchronous  linear  velocity 

v  the  slider  linear  velocity 

h  pole  pitch 

Xni  d- axis  secondary  flux 

Xrq  q- axis  secondary  flux 

Kf  the  force  constant,  Kf  = 

Fe  the  electromagnetic  force 

Fl  the  external  force,  i.e.  disturbance 
M  total  mass  of  the  slider 

D  the  viscous  friction 

Dynamic  analysis  of  induction  motors  in  conveniently  done 
in  the  d-q  reference  frame.  It  allows  the  torque  and  the 
flux  in  the  machine  to  be  controlled  independently  under 
dynamic  conditions,  in  contrast  to  analysis  based  on  the  a- 
b-c  phase  quantities.  In  this  study,  end  effects  are  neglected; 
the  readers  are  referred  to  [17]  and  [9]  for  d-q  model  of  the 
equivalent  electrical  circuit  with  end  effects.  Fig.  1  shows  the 
d-q  equivalent  circuit  representation  of  the  rotary  induction 
motor. 


Fig.  1.  d-q  equivalent  circuit  of  the  LIM  excluding  the  end  effects 


Note  that  the  rotor  has  a  closed  circuit  with  no  external 
applied  voltage.  The  relations  between  the  primary  and 
secondary  fluxes  and  the  currents  in  stationary  reference  frame 
can  be  written  as  followings: 

X\q  —  Lsisq  +  Lmirq 

'Xsd  =  Lshd  +Lmird 

'Xrq  =  L,hq  LmiSq 

^ rd  =  Lrhd  "F  Lmisd 
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The  three  phase  voltage  applied  to  the  LIM  establishes  a 
magnetic  field  that  has  a  synchronous  translational  speed,  ve, 
of 

n 

(0e  =  -Ve  (2) 

ll 


where  h  is  the  pole  pitch,  which  defines  the  linear  distance 
between  two  consecutive  poles,  and  (Oe  is  the  applied 
frequency.  By  induction,  a  voltage  is  induced  in  the  slider 
which  interacts  with  the  primary  magnetic  field  to  propel 
the  slider  in  the  same  direction.  Following  the  concepts  on 
induction  motors,  the  slider  speed,  v,  is  always  slightly  less 
than  the  synchronous  speed.  The  slip  frequency  is  denoted  as 


0\lA  —  (0e  (0, 

ft  1  \ 

=  T,lv--v) 


(3) 


Following  the  d-q  equivalent  circuit,  the  dynamic  equations 
of  the  LIM  are  expressed  in  a  synchronous  reference  frame 
aligned  to  the  rotor  flux  as: 


where 


Vsd  = 

Rs  hd  H-  ~J^^sd  (tid^sq 

(4) 

VSq  = 

Rs  isq  H-  ^sq  ffld^sq 

(5) 

= 

Rfhd  H-  ”77  ^rd  ®dA^rq 
at 

(6) 

II 

O 

\T 

.  d 

Rrlrq  ~h  ~An/  +  ( OdA^rd 

(7) 

^slip  (Drf  —  C$syn- 

The  complete  dynamic  model  of  the  LIM  is  then  obtained 
by  combining  the  above  equations,  and  is  given  by  [18],  [19]: 


d  Isq 

dt 


disd 

dt 


d  Xyq 
dt 

dh,d 

dt 


ft  .  .  Rs 

"(5z: 


Lmn 


\’X,-d  + 

1  a 


1  -  a 
oT, 
Lm 


oLsLrh '  oLsL,Tr'  rq 


)isq 

Ka  H - ~FSo  (8) 


—  + 
oLs  oT, 


oLsL,-Tr 

-,m  . 


V rd ■ 


i 


oLs 


)  tsd  T  ,  Vedsq 
Lm  ft  - 

— ,  ,  ,  VArq  + 

oLsLrh 

Lm  .  ft  ,  \  q  1  i 

j,  lsq  ^  VjArd  jt  A*rq 

Lm  •  ,  ft  /  \  Q  1  Q 

j,  hd  i  ^  V ) A* rq  j,  ^ rd 


oLs 


•Vs 


sd 


(9) 

(10) 

(11) 


The  motion  of  the  slider  is  governed  by  the  Newton’s  law 
of  motion,  i.e.,  balance  of  various  forces  acting  on  it.  As  such, 
it  has 


Kf  (  Xrd  iSq  krq  isd  ) 

(12) 

-j-(Mv)  +Dv  +  Fl 
dt 

(13) 

where  the  first  equation  gives  the  electromagnetic  force 
developed  by  the  machine,  which  balances  the  mechanical 
forces  based  on  the  Newton’s  laws.  Note  that  the  external  force 
in  equation  (13)  is  omitted  in  this  paper,  Ff  =  0. 


III.  Vector  Control 


The  driving  principles  of  the  LIM  are  similar  to  that  of 
the  rotary  induction  motor,  however  its  control  characteristics 
are  more  complicated.  When  driven  by  a  field-oriented 
controller,  also  known  as  a  vector  controller,  LIM  behaves 
like  a  separately  excited  DC  machine  where  flux  and  motion 
dynamics  are  controlled  independently  in  order  to  achieve  high 
performance  from  the  LIM  drives.  The  vector  control  method 
provides  velocity  and  position  control  of  a  LIM  effectively. 

It  is  clear  from  equation  (12)  that  if  the  secondary  flux 
Xrq  can  be  maintained  at  zero,  then  the  developed  force,  Fe, 
would  be  directly  proportional  to  the  current,  isq,  so  that 
the  machine  basically  would  behave  like  a  DC  motor.  Then, 
the  current  isq  can  be  controlled  to  generate  the  required 
force  for  a  given  load.  This  approach  offers  precise  control 
of  performance,  which  is  otherwise  not  possible  using  only 
voltage  or  frequency  control  methods. 

The  aim  of  the  field  oriented  control  is  to  maintain  a 
constant  secondary  af-axis  flux  and  make  the  secondary  q- axis 
flux  null,  i.e.,  to  maintain  Xrq  =  0  and  -X1  =  0  for  all  time. 
This  can  be  achieved  by  controlling  the  line  frequency  as  well 
as  by  varying  the  applied  voltage  to  the  motor  as  shown  below: 


Vsd 

Vyq 

(Oe 


Rs^sd  (5Ls(0eISq 

Rs^sq  T  Ls  (Oe^sd 

ft  F* Isq 

li  Lr  l s  ci 


(14) 

(15) 

(16) 


The  complete  schematic  of  the  closed  loop  system  is  shown 
in  Fig.  2: 


Fig.  2.  PI  vector  control  of  the  LIM 


The  above  control  scheme  uses  two  control  currents,  IS(j  and 
Isq.  In  this  research,  the  flux  current  Istj  is  assumed  constant 
at  the  open  loop  nominal  operation  of  the  motor,  however  can 
also  be  controlled  separately  to  maintain  a  desired  flux  level  in 
the  machine.  The  force  current  Isq  is  proportional  to  the  load 
which  is  regulated  using  a  PI  controller  shown  in  the  Fig.  3. 


4 


Fig.  3.  PI  vector  control  of  the  LIM 


IV.  Simulation 


The  response  of  a  typical  LIM  is  investigated  through 
Matlab  simulation  in  three  cases.  Open-loop  simulation  was 
performed  in  the  first  case  to  understand  the  operation  of  the 
linear  induction  motor  for  a  constant  applied  voltage  at  the 
line  frequency.  For  all  simulations,  the  following  parameters 
are  used: 

Rs= 5.36850  R,=  3.5315  0  Lm=0.02419  H 

Ls= 0.02846  H  L, -=0.02846  H  h= 0.027  m 

M=2.78  kg  D= 36.0455  Vfl=  180  V 

It  is  assumed  that  the  slider  is  carrying  a  load  mass  which  is 
50  times  larger  than  the  mass  of  the  slider.  Fig.  4  depicts  the 
velocity  of  the  LIM  slider  (without  carrying  any  load  mass) 
under  open  loop  operation  with  a  constant  voltage  constant 
frequency  operation.  Here  the  desired  slider  speed  is  3  m/sec, 
which  is  clearly  not  achieved.  Fig.  5  and  Fig.  6  show  that  the 
secondary  fluxes  Xrq  and  A„/.  Clearly  the  secondary  flux  Xrq 
is  not  equal  to  0  which  is  desired  for  precise  force  control. 
The  motor  primary  current  is  shown  in  Fig.  7. 


Fig.  4.  Slider  speed  profile  (open-loop  control) 


Fig.  5.  A rq  profile  (open-loop  control) 


Fig.  6.  A rd  profile  (open-loop  control) 


Time 

Fig.  7.  I a  profile  (open-loop  control) 

The  next  simulation  shows  the  response  of  the  linear 
induction  motor  carrying  a  load  mass  with  a  constant  applied 
voltage  and  the  load  mass  is  released  after  two  seconds.  As 
expected,  the  slider  and  the  load  mass  are  not  able  to  accelerate 
to  a  reference  speed  within  desired  time  period.  Then  at  t  =  2 
seconds,  the  load  mass  is  released,  and  as  expected  the  slider 
speed  increases  to  a  higher  value.  Transient  variations  in  line 
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current  is  shown  in  Fig.  8  and  fluxes  as  shown  in  Fig.  9  and 
Fig.  10.  It  is  clear  that  the  linear  motor  speed  performance  is 
not  achieved  as  shown  in  Fig.  11.  Therefore,  a  vector  control 
method  needs  to  be  applied  to  regulate  the  slider  speed  as  well 
as  to  have  better  response  to  force  commands. 


Fig.  8.  Ia  profile  with  load  mass  released  at  t  —  2  sec  (open-loop  control) 


Time 

Fig.  9.  Xrn  profile  with  load  mass  released  at  t  =  2  sec  (open-loop  control) 


Fig.  10.  X„i  profile  with  load  mass  released  at  t  =  2  sec  (open-loop  control) 


Fig.  1 1 .  Slider  speed  profile  with  load  mass  released  at  t  =  2  sec  (open-loop 
control) 


Next,  a  PI  controller  is  designed  within  the  vector  control 
loop  to  regulate  the  force  current,  Isq.  The  design  requirements 
are  that  the  LIM  slider  carries  a  load  mass  and  accelerates 
in  the  first  two  second.  The  slider  and  the  load  mass  should 
reach  the  speed  reference  of  3  m/s  at  the  end  of  the  two 
seconds.  The  load  mass  is  then  released  from  the  slider.  The 
performed  simulation  is  based  on  selected  PI  control  gains 
of  Kp  =  35  and  Kj  =  75.  Fig.  12  shows  the  simulated  slider 
speed  profile  under  the  appropriate  PI  vector  controller.  Fig. 
13  shows  that  Xrq  approaches  zero  when  the  vector  control 
is  applied.  Fig.  14  also  shows  that  the  secondary  flux  X,-d  is 
maintained  at  constant  value.  Fig.  15  and  Fig.  16  show  the 
variations  in  applied  voltage  and  the  line  frequency  that  are 
essential  in  vector  control  method.  Note  that  the  slider  speed 
remains  constant  after  the  load  mass  is  released  as  shown  in 
Fig.  12. 


Fig.  12.  Slider  speed  profile  with  load  mass  released  at  t  —  2  sec  (closed-loop 
vector  control) 
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Fig.  13. 
control) 


Fig.  14. 
control) 


Fig.  15. 
control) 


Xrq  profile  with  load  mass  released  at  t  —  2  sec  (closed-loop  vector  Fig.  16.  Frequency  profile  with  load  mass  released  at  t  =  2  sec  (closed-loop 

vector  control)) 


Time 

Ki  profile  with  load  mass  released  at  t  —  2  sec  (closed-loop  vector 


Va  profile  with  load  mass  released  at  t  —  2  sec  (closed-loop  vector 


In  some  cases,  it  is  required  to  stop  the  slider  after  it 
releases  the  load  mass.  To  achieve  such  task,  a  zero  speed 
reference  command  can  be  applied  at  2.25  seconds  and  the 
slider  slows  down  to  a  complete  stop  at  six  seconds  under  the 
same  PI  vector  control  scheme.  The  simulated  speed  profile  is 
illustrated  in  Fig.  17.  In  summary,  the  speed  of  the  LIM  can  be 
regulated  via  vector  control  method.  A  control  scheme,  such 
as  the  closed  loop  control  or  the  trajectory  following  open 
loop  control  can  be  developed  correspondingly  to  effectively 
manage  the  performance  of  the  LIM  to  satisfy  the  operation 
requirements. 


Time 

Fig.  17.  Slider  speed  profile  with  load  mass  released  at  t  =  2  sec  and  stopped 
at  t  =  6  sec  (closed-loop  vector  control) 

V.  Conclusion 

This  paper  briefly  introduced  the  dynamic  model  of  an  AC 
linear  induction  motor  based  on  the  model  of  an  AC  induction 
rotary  motor.  A  circuit  equivalent  was  presented  for  linear 
induction  motor  model  representation.  The  developed  model 
can  be  further  expanded  to  include  linear  motor  dynamic  end 
effects.  Simple  PI  vector  control  was  considered  to  achieve 
the  desired  velocity  profile  with  an  applied  constant  voltage 
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command  input.  The  controller  was  able  to  stabilize  the  linear 
motor  under  varying  payload  condition  when  proper  PI  gains 
are  chosen.  Future  work  includes  model  development  and 
vector  control  design  taking  account  of  end  effects  of  the  linear 
motor. 
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